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desirable to develop low-cost, earth-abundant tri-functional electrocatalysts to promote the ORR, OER, and HER simultaneously under the same pH environment.
Along with the intensive research efforts in developing nonprecious metal catalysts, carbon-based metal-free catalysts were discovered and have received enormous interest in recent years as they possess combined advantages of low cost, high efficient, long lifetime, and multifunctionality. [8] Rational design of carbon structures with multicomponent active centers can in principle lead to multifunctional catalysts for the ORR, OER, and HER (i.e., tri-functional metal-free catalysts). Herein, we report the development of two-dimensional (2D) N, S co-doped graphitic sheets with a unique hierarchical structure consisting of stereoscopic holes over the graphitic surface (SHG, cf. Figure 1a) . The presence of SHG ensures a high surface area with abundant interfacial active sites for electrochemical reactions. [1a,9] Previous studies demonstrated that heteroatomdoping of the SHG with nitrogen and sulfur atoms could modulate their electronic and chemical characteristics to further impart functionalities. [1a,8] The abundant accessible active sites coupled with efficient pathways for electron and electrolyte/ reactant transports make the newly developed SHG an efficient metal-free ORR/OER/HER tri-functional catalyst with longterm stability in alkaline electrolytes (e.g., 0.1 m KOH). The SHG exhibited an ORR half-wave potential comparable to that of the commercial Pt/C (20% Pt on Vulcan XC-72R; E-TEK), and also showed a comparable OER activity to RuO 2 nanoparticles with a reasonably good HER activity. In this study, SHG was further demonstrated to be one of the best OER and HER bifunctional catalysts for the overall water splitting. This study opens a new avenue for the development of low-cost carbonbased metal-free catalysts to replace noble metals for a large variety of applications, ranging from fuel cells through metalair batteries to water splitting devices.
The preparation procedures for SHG are depicted in Figure 1a (see also, Figures S1−S7 in the Supporting Information). Briefly, a uniformly formed melamine-nickel sulfate complex was first collected by lyophilization in powder form, which was then mixed well with potassium chloride by ball milling. Thereafter, the resultant powder was annealed at 700 °C for 2 h, followed by heating up to 800 °C with a ramp rate of 6 °C min −1 and kept for 2 h under Ar, leading to the N, S co-doped graphitic sheets grown from the Ni and KCl seeds ( Figure S1 and Figures S5−S7, Supporting Information, designated as Ni-KCl@SHG). Herein, Ni 2 SO 4 was specifically selected as the nickel and sulfur precursors, [9a] and melamine as the carbon and nitrogen source. KCl and KCl coated Ni precursor could serve as the templates for the in situ growth of stereoscopic The ever increasing detrimental effects of traditional fuels on energy and the environment have stimulated extensive efforts worldwide to develop green and renewable energy technologies, including fuel cells, [1] metal-air batteries, [2] and water splitting systems. [3] While the oxygen reduction reaction (ORR) is at the heart of fuel cells, the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) are of paramount importance to metal-air batteries and electrochemical watersplitting systems. [1a] Catalysts are required for ORR, OER, and HER. Platinum-based noble metal catalysts have been known to be very efficient for ORR and HER whereas Ir-and Ru-based oxides are highly active toward the OER. However, the high cost and limited reserve of these precious metal-based catalysts have precluded the renewable energy technologies from commercialization. [4] To reduce the usage or even to eliminate the precious metal-based catalysts, considerable efforts have been made to develop non-noble metal catalysts for ORR, OER, or HER. In particular, three-dimensional (3D) transition metal (such as Fe, Co, and Ni) sulfides, selenides, nitrides, carbides, phosphides, borides, oxides, hydro(oxy)oxides, and their alloys or complexes have been demonstrated as promising ORR, OER, or HER catalysts. [5] So far, however, most of the nonprecious metal catalysts still remain too expensive for large-scale applications or their catalytic activities are still too low when compared with noble metal catalysts.
On the other hand, catalysts for different reactions (e.g., ORR, OER, or HER) are usually active and stable at different pH values, [1a,3b] which makes the development of integrated energy systems for practical application difficult, if not impossible. Currently, available ORR and OER electrocatalysts often show better performance in an alkaline medium than acidic electrolyte. Due to the inefficient dissociation of water to initiate the Volmer reaction in alkaline electrolytes; [6] however, most HER electrocatalysts exhibit better performance in an acidic medium than alkaline electrolyte, as exemplified by a few-cycle operation lifetime for MoS 2 in alkaline electrolytes. [7] This poses a potential problem when HER is coupled with OER in an overall water splitting process. Therefore, it is highly holes ( Figure 1a ) while KCl can also facilitate the graphitization and the formation of catalytic active sites. [10] The nickel and KCl residues were removed by treating with an aqua-regia solution, followed by repeatedly washing with deionized water and lyophilization. Subsequent annealing at 900 °C for 1 h under Ar led to highly conducting (22 S cm −1 ) N, S co-doped graphitic sheets with stereoscopic holes (SHG, Figure 1b−h).
As reference, separated graphite capsules without a continuous 2D structure and N, S co-doped graphitic sheets without stereoscopic holes, respectively, were prepared under the same conditions with different ratios of melamine to NiSO 4 . The corresponding samples were designated as GC and GS, respectively (for more details, see Figures S8−S13 in the Supporting Information, and associated discussions in the Supporting Information).
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images given in Figure 1b ,c and Figures S14−S16 in the Supporting Information, clearly show the 2D structure with a large size of several micrometers for the SHG even after leaching the particles. Enlarged view of the TEM image in Figure 1d reveals that the resultant 2D graphitic sheet was constructed with stereoscopic holes ranging from 5 to 20 nm in diameter. As pointed by arrows in Figure 1d , some opened pores were evident on the 2D graphitic sheets. Highresolution TEM image given in Figure S16 in the Supporting Information shows that edges of the stereoscopic holes are consistent of ≈ 2-4 graphitic layers. Such edge-like graphitic structures could facilitate electrocatalysis. The existence of nanoholes within the SHG sheets was further confirmed by hia gh-angle annular dark-field scanning TEM (HAADF-STEM) image ( Figure 1e ). As shown by the HAADF-STEM mapping (Figure 1f−h), C, N, and S elements uniformly dispersed over the whole graphitic sheet. The observed highly porous 3D network could provide numerous accessible active sites and rich mesoporosities for effective electron and electrolyte transports necessary for efficient electrocatalysis. Figure 2a shows the Raman spectrum of SHG. The G-band at 1569 cm −1 is associated with the E 2g mode, while the D-band located at 1341 cm −1 corresponds to the defect mode. [11] The high graphitization degree of the SHG is evident from the high ratio of G-band/D-band (1.29), leading to an improved electrical conductivity. The corresponding X-ray diffraction pattern ( Figure S17 , Supporting Information) shows two representative peaks at 2θ ≈ 22.3 and 25.6° attributable to the (002) diffraction plane of graphite (JCPDS 26-0441 and 41-1487). [12] As expected, the energy dispersive spectroscopy (EDS) of SHG reveals the presence of C, N, O, and S elements (Figure 2b ), which is confirmed by X-ray photoelectron spectroscopic (XPS) measurements. The observed C, N (2.1 at%) elements are from the melamine precursor and S (0.8 at%) element from NiSO 4 , along with an O (3.8 at%) peak ( Figure S18 , Supporting Information), which is common in carbon-based materials. [13] Figure (3 of 9) 1604942 can be deconvoluted into four peaks corresponding to the typical "CC/CC" (284.7 eV), "CO" (286.3 eV), [12] "CN" (285.5 eV), [14] and "CSC" (284.0 eV) [15] bonds. The successful incorporation of N, S heteroatoms into the carbon backbone was also confirmed by the high-resolution HR-XPS in Figure 2c ,d. [9, 13] As shown in Figure 2c , two main peaks positioned at 398.8 and 400.9 eV can be identified for pyridinic N and quaternary N, respectively. [9a,16,17] Similarly, the HR-XPS S 2p spectrum can be deconvoluted into two predominate peaks at 163.9 (CSC) and 165.2 eV (CS) [15, 18] (Figure 2d ), suggesting the successful doping of S heteroatoms into the carbon skeleton through thermal annealing. [19] The Brunaue-Emmett-Teller specific surface area of the SHG was measured to be 576 m 2 g −1 (Figure 2e ), which is higher than the corresponding typical values for N-doped CNTs (100 m 2 g −1 ) [20] and graphene materials from pyrolysis of N-rich polymers (200-560 m 2 g −1 ). [21] The type IV isotherm curve with an obvious hysteresis confirms the presence of mesopores. The rapid N 2 uptake (P/P 0 > 0.9) is attributable to the existence of secondary, much larger pores. Barrett-Joyner-Halenda pore size distribution curves derived from the N 2 desorption confirm the presence of the main mesopores with diameters between 3 and 30 nm (Figure 2f ) and a pore volume of 1.40 cm 3 g −1 . Clearly, therefore, the SHG sample with stereoscopic holes possesses a large surface area, high pore volume, and wide pore size distribution for facilitating the electrocatalysis.
To investigate electrocatalytic performance of the SHG, we firstly carried out cyclic voltammetry (CV) measurements in a conventional three-electrode electrochemical cell in an O 2 or N 2 -saturated 0.1 m aqueous KOH solution. As shown in Figure 3a , a characteristic oxygen reduction peak at ≈0.88 V was observed for the SHG in O 2 -saturated 0.1 m aqueous KOH, but not for the N 2 -saturated electrolyte, indicating a high ORR activity for the SHG. We have further performed the linear sweep voltammogram (LSV) measurements on the SHG, GC, and GS samples using a rotating disk electrode (RDE) at 1500 rpm. As seen in Figure 3b , the SHG exhibited similar onset potential (≈ 1.01 V), diffusion-limited current density (≈ 5.10 mA cm −2 ), and half-wave potential (E 1/2 , ≈0.87 V) as those of the Pt/C catalyst, indicating comparable activities for both catalysts. Compared with many previously reported carbon-based or carbon-supported catalysts (Table S1 , Supporting Information), the SHG catalyst exhibited a positive shift in the onset potential, indicating a superior ORR performance. As expected, an increased current with increasing rotation speed was observed (Figure 3c ). [9a] Koutecky-Levich (K-L) plots (J −1 vs ω −1/2 ) from LSVs given in the inset of Figure 3c show a good linearity with a value of 3.85 for electron transfer (n) (Equation (S1), Supporting Information), confirming a fourelectron pathway. To monitor the amount of H 2 O 2 generated during the ORR process, a rotating ring-disk electrode (RRDE) technique was employed. Figure 3d shows the disk and ring currents on an RRDE at 1500 rpm. As can be seen, the SHG electrode showed a high limited current density from ORR whereas the current density associated with H 2 O 2 oxidation obtained on the Pt-ring was below 10% (Equation (S2), Supporting Information, Figure 3e ). The corresponding values for n calculated from RRDE voltammograms are between 3.81 and 3.96 (the inset in Figure 3e , Equation (S3) in the Supporting Information), in good agreement with the corresponding data obtained from the K-L plots (the inset in Figure 3c) . Furthermore, Figure 3f shows only 7% current reduction for the SHG catalyst after a 100 h chronoamperometric test while more than 13% of its initial activity was lost for the Pt/C catalyst under the same condition (0.7 V with O 2 continuous flow in 0.1 m KOH), indicating a higher ORR stability for the SHG than that of the commercial Pt/C.
To further demonstrate the potential application of SHG as a bifunctional catalyst for both ORR and OER, we measured the (5 of 9) 1604942 SHG by sweeping the RDE potential between 1.2 and 1.8 V in a 0.1 m KOH electrolyte. The LSV curves thus obtained are reproduced in Figure 4a . Compared to the GC and GS electrodes, the SHG electrode exhibited the highest catalytic activity for OER in the alkaline medium. More specifically, the SHG electrode showed the smallest onset potential of 1.49 V (Figure 4b, 1 .63 V for GC and 1.68 V for GS), a value which is comparable to that of the RuO 2 catalyst (1.45 V). The SHG electrode showed a potential of 1.56 V at the current of 10.0 mA cm −2 (i.e., E j = 10 ), which is lower than that of GC (1.71 V) and GS (1.80 V) and many other carbon-based materials (Table S2 , Supporting Information). Tafel plots given in Figure 4c display a lower Tafel slope of 71 mV dec −1 for the SHG than those of the GC (81 mV dec −1 ) and GS (121 mV dec −1 ), indicating more favorable kinetics toward OER on the SHG electrode. [22] This value of 71 mV dec −1 is even lower than that of the state-of-the-art RuO 2 (77 mV dec −1 ). Furthermore, the SHG catalyst showed an excellent stability with an only 7% reduction in the current density of its initial activity after 20 h operation (Figure 4d ). The good stability was further confirmed by the similar LSV curves measured at the 1st and 200th potential cycles (the insert in Figure 4d ). The overall oxygen activity of the SHG as a bifunctional catalyst can be evaluated by the potential difference (ΔE) between the E j = 10 for OER and E 1/2 for ORR with the smaller ΔE for the better reversible oxygen electrode. [9b] Remarkably, the SHG exhibited a ΔE of 0.77 V (Figure 4e ), which is much lower than that of most other carbon-based metal-free materials (e.g., N, S-G, ΔE = 0.88; N, P-carbon paper, ΔE = 0.96; N-graphene/CNT, ΔE = 1.00 V), [9b,23] Adv. Mater. 2017, 1604942 www.advancedsciencenews.com www.advmat.de even outperformed some commercial metal electrocatalysts (e.g., Pt/C, ΔE = 0.94 V; Ir/C, ΔE = 0.92 V; Ru/C, ΔE = 0.92 V), [24] and transition-metals (e.g., FeNi hydroxide/3D graphene, ΔE = 0.93 V; CoO/N-G, ΔE = 0.76 V; Mn x O y , ΔE = 0.87 V), [24a,25] as shown in the inset in Figure 4e . These results indicate that the SHG is a promising low-cost, efficient bifunctional catalyst for both ORR and OER simultaneously. From the XPS analysis (Figure 2c,d , Figures S10 and S13 , Supporting Information), the S contents in GC and GS samples are relatively low compared with that of SHG. Although GS has a higher N content than that of SHG, its performance is still lower than that of SHG, indicating N, S-codoping is important for the superior activity of SHG. On the other hand, the electrochemical impedance spectroscopic data given in Figure S20 in the Supporting Information revealed that the SHG, compared with the GC and GS, possesses relatively low resistances for electron or ion transports, facilitating the electrochemical processes.
In addition, the HER activities of the SHG were investigated in N 2 -saturated KOH electrolyte (0.1 m) using a three-electrode setup. For comparison, we have also recorded the steady-state polarization curves for the GC, GS, Pt/C, and glass carbon, respectively. As shown in Figure 5a , all the catalysts exhibited enhanced catalytic activity compared with the glass carbon. In particular, the SHG showed an onset overpotential of ≈230 mV, much lower than those of the GC (290 mV) and GS (380 mV) catalysts. Although the SHG exhibited a more negative onset potential than that of the Pt/C, its absolute value is still much lower than those for other carbon-based materials (Table S3 , Supporting Information) and even comparable to some of the well-known non-noble metal HER catalysts in alkaline media (e.g., Ni), [26] indicating a remarkable HER activity for the SHG. The corresponding Tafel plots are given in Figure 5b suggesting that the release of molecular hydrogen on the SHG is the rate-limiting step. [6a] The overpotentials to achieve the current density of 10 mA cm −2 (Figure 5c ) for the SHG, GS, GC, and Pt/C are −0.31, −0.39, −0.54, and −0.09 V, respectively. Figure 5d shows similar LSVs at scan rates from 5 to 100 mV s −1 for the SHG, demonstrating its excellent stability for highly active electrochemical process. Continuous HER at a given potential was conducted to investigate the durability of the SHG catalyst. As shown in Figure 5e and its insert, a typical serrate shape was observed for the SHG at an overpotential of −0.3 V because of the alternate accumulation and release of H 2 (g) bubbles. The current density is stable without degradation even after long-term cycling for 20 h. Figure S21 in the Supporting Information displays the polarization curves for the SHG electrode before and after the continuous HER process (20 h), showing only a slight deactivation of the activity on the SHG electrode. Overall, the SHG catalyst exhibited a low onset potential, high current density, and long-term stability, promising for HER in alkaline medium. As presented in Table S3 in the Supporting Information, the onset potential and E j = 10 value of the SHG electrode are the lowest among all the carbon-based materials, including N-doped graphene (N-G); [27] N, P-graphene (N, P-G); [28] N, P-carbon network (N, P-C); [29] N, O, P tri-doped porous carbon (N, O, P-C); [30] g-C 3 N 4 @N-doped graphene (C 3 N 4 @G); [6a] g-C 3 N 4 -S, Se co-doped graphene (C 3 N 4 @S, Se-G); [31] and g-C 3 N 4 -N, P co-doped graphene (C 3 N 4 @N, P-G). [32] Since the SHG has been demonstrated to be an active and stable bifunctional catalyst toward both OER and HER, we constructed a two electrode setup, in which the SHG was used as both anode and cathode, for electrochemical water splitting in 1 m KOH. As seen in Figure 6a , the SHG HER electrode (with the same SHG as the OER counter electrode) shows a small onset potential of −250 mV with the current density gradually increased with increasing potential, as is the case for the Pt/C and RuO 2 setup. In conjunction with the other half reaction for OER (Figure 6b) , the galvanostatic cycling method demonstrated an attractive two electrode water-splitting process based The carbon fiber woven mesh (3 × 2 cm) was used as an all-carbon electrode for deposition the SHG catalyst. e) Oxygen and f) hydrogen collection process with displacement of water. g) Bubbles generated from the electrode (e.g., H 2 electrode) during the water splitting process.
Adv. Mater. 2017, 1604942 www.advancedsciencenews.com www.advmat.de on the SHG bifunctional catalyst with compatible performance to its counterpart based on the Pt and RuO 2 for HER and OER catalyst, respectively. The overall water splitting polarization of the SHG-based cell exhibited a slightly larger onset voltage than that of the Pt/C(−)/RuO 2 (+) benchmark combination, but quickly approaching the same due to the facile kinetic and bubble-releasing processes (Figure 6c) . The voltage to achieve the 10 mA cm −2 electrolysis current showed a selfactivation process; a potential of 1.70 V was required to deliver 10 mA cm −2 at the initial stage, followed by a stable ≈1.68 V for continuous operation (Figure 6c ) with a vigorous gas evolution on both electrodes, outperforming the Pt/RuO 2 combination after 19 h operation. Although the RuO 2 and Pt/C combination showed an efficient starting voltage, it was followed by rapid decay. The stable potential ≈1.68 V based on the SHG electrodes is similar or lower than the corresponding value for many previously reported non-noble metal based catalysts, including diselenides (NiSe/NF, 1.63 V), [33] hydroxides (NiFe LDH/NF, 1.7 V), [34] and cobalt sulfide/carbon tube (1.74 V). [35] Figure 6d and Figure S22 in the Supporting Information display the homemade two-electrode water splitting device based on the carbon-fiber-woven mesh electrode (3 × 2 cm) pre-coated with the SHG catalyst ( Figure S23 , Supporting Information). H 2 and O 2 thus generated were collected by displacement of water methods (Figure 6e ,f, see, Supporting Information for detailed description), and the Faradaic efficiency of the two-electrode setup was demonstrated to be close to 100% for overall water splitting with the volume ratio of H 2 and O 2 approaching to the theoretical value of 2:1 during the electrolysis. Due to the appropriate surface hydrophobicity ( Figure S24 , Supporting Information), bubbles generated from the carbon fiber electrode (e.g., H 2 electrode) during the water splitting process could easily leave from the electrode surface (Figure 6g , Movie S1, Supporting Information) to ensure long-term stability. Superior to both GC and GS, SHG was found to also show good ORR, OER, and HER performance in acid solution and neutral media (see, Figures S25 and S26 in the Supporting Information). As expected, the electrochemical behavior of the SHG was also found to be affected by its structure, composition, and conductivity (Figures S27−S38, Supporting Information). Generally speaking, water oxidation involves the following three intermediate steps: water adsorption, water dissociation, and oxygen evolution. Our results indicate that a number of the N and S elements on the SHG catalyst generate "C + " centers [1c] to promote the water adsorption while the large surface area and holey structure facilitate mass transport, electron transfer, and ion diffusion within the electrode for efficient water splitting.
In this study, we have prepared 2D N, S co-doped graphitic sheets with a unique hierarchical structure consisting of stereoscopic holes over the graphitic surface (SHG). The presence of stereoscopic holes in SHG ensures a high surface area with abundant interfacial active sites for electrochemical reactions. Owing to its unique architecture with a large surface area, rich active sites, and good electron/electrolyte transport properties, the newly developed SHG was demonstrated to be an effective tri-functional ORR/OER/HER catalyst of excellent activities and stability, outperformed its counterparts without opened holes or continuous 2D structure as well as many other carbon materials. This, together with its low cost and facile synthesis, makes the SHG a promising alternative to noble metal based catalysts for fuel cells, metal-air batteries, water splitting and many other applications.
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